Introduction
Several water-based electrochemical reactions, such as hydrogen evolution reaction (HER), [1] oxygen evolution reaction (OER), [2] oxygen reduction reaction (ORR), [3] hydrogen oxidation reaction, [4] and carbon dioxide reduction reaction (CO 2 RR), [5] are critical half-cell reactions for developing largescale clean energy storage and usage and thus mitigating the increasing greenhouse gas emission. [6] To maximize the energy conversion efficiencies, highly efficient catalysts with reduced overpotentials for these electrochemical reactions are required. In fact, the strong correlation between the electronic structure Electrocatalysis is of great importance to a variety of energy conversion processes, where developing highly efficient catalysts is critical. While common strategies involve screening a wide range of materials with new chemical compositions or structures, a different approach to continuously, controllably, and effectively tune the electronic properties of existing catalytic materials for optimized activities has been demonstrated recently. Inspired by studies in lithium-ion batteries, systematical lithium electrochemical tuning (LiET) methods such as Li intercalation, extraction, cycling, and strain engineering, are employed to effectively tune the electronic structures of different existing catalysts and thus improve their catalytic activities dramatically. Herein, the advantages of the LiET method in electrocatalysis are introduced, and then some recent representative examples in improving the performances of important electrochemical reactions are reviewed briefly. Lastly, a few promising directions on extending the applications of the LiET method in electrocatalysis are proposed. Electrocatalysis and the catalytic activity of the catalyst has been revealed by both theoretical simulations and experimental demonstrations. [7] The electronic property of a highly active electrocatalyst should satisfy strict requirements: the interactions between the atomic sites and the reactants/products should be not too weak nor too strong, which ensure smooth electron transfers between the catalysts and the reagents, and at the same time facilitates the releasing of the products. [8] For instance, guided by theoretical simulations, scientists discovered that the edge sites of 2D materials, such as the transition metal dichalcogenides (TMDs) (MoS 2 /Se 2 and WS 2 /Se 2 ), possess a electronic structure which binds the atomic hydrogen properly, and can thus catalyze HER at a relatively low overpotential comparable to the state-of-art Pt-based catalyst in acid media. [6a,9] While continuously searching materials with new chemical compositions and morphologies has been proved to be an interesting direction to pursue, another effective approach, that is employing lithium to electrochemically tune the electronic structure of existing materials in organic electrolytes for optimal catalytic activities, has been demonstrated by our group. [10] This lithium electrochemical tuning (LiET) strategy can offer a wide potential window (up to several volts) to continuously, precisely and directionally control the electronic structure of active sites, resulting in much tuned activities of existing catalysts to serve the purposes. In the past several decades, electrochemical reactions of diverse materials with lithium ions in organic electrolytes have been well investigated and understood accompanied with the rapid development of lithium-ion batteries (LIBs) technology. [11] Based on the different reaction mechanisms in LIBs as well as materials, the catalyst tuning (Scheme 1) processes can be summarized and differentiated as follows: a) electrochemical intercalation/de-intercalation of lithium ions into the interlayer of materials, [12] such as layered transition metal dichalcogenides (e.g., MoS 2 ) and lithium transition metal oxides (e.g., LiCoO 2 [13] ), can tune the oxidation state, electronic structure and local coordination configuration of the catalytic site; b) lithium induced conversion reactions [14] on various metal/metal oxides (e.g., Co 3 O 4 and NiO) give rise to much higher surface areas and more abundant grain boundaries/defects; c) electrochemical lithium alloying and dealloying on various metal nanoparticles (e.g., Sn, Pb, Au, Pt, Zn, Ag, Mg) [15] are able to create nanoporous structures with higher edge/corner sites; d) the lattice strain of catalyst induced by the volume expansion/ compression of the battery materials as underneath supports, resulting in changed electronic properties. [16] Therefore, this www.advmat.de www.advancedsciencenews.com
LiET methodology almost covers a large portion of important electrocatalysts in this field, and thus can be considered as a new direction for discovering low-cost and highly efficient electrocatalysts for broad and important catalytic reactions.
In this progress report, based on each aforementioned category, we introduce the unique advantages of the LiET method and present the recent developments in employing this method to tune electrocatalysts for improving the performances of specific electrochemical reactions. The electrochemical tuning details, structural and electrochemical characterizations are also included. Finally, we put forward several interesting future directions of this LiET method and its applications in electrocatalysis.
Demonstrations of Electrochemical Tuning Method with Different Mechanisms

Intercalation/Deintercalation of Lithium Ions
The process of lithium-ion intercalation is able to tune the chemical potential of the target materials downward, accompanying with the oxidation state and local coordination configuration change of the catalytic site. Layered D materials (e.g., MoS 2 and WS 2 ), with strong covalent bonding within molecular layers and weak van der Waals interaction between layers, are an interesting family of materials for lithium intercalation. [17] It is reported that, after chemical intercalation of Li (using n-butyl lithium as the reagent) and exfoliation, MoS 2 and WS 2 can be tuned from commonly semiconducting 2H phase to metallic 1T phase (Figure 1a-c) , along with a lower oxidation state of the metal center. [18] Additionally, the HER activities of exfoliated MS 2 (M = Mo and W) are significantly improved, which are mainly attributed to the more desirable electronic structures of metal centers induced by chemical Li intercalation. [18a,b,19] However, in this method, the degree of intercalated Li can hardly be controlled due to the fast intercalation rate, and thereby the relationship between electronic structure and performance evolution are rarely obtained.
Electrochemical lithium intercalation, where the lithium ions migrate from the lithium-containing side to the target material side along with the injection of electrons, is a continuously tuning process and thus offer a platform for investigating the structure-activity relationship detailly. Our group initially synthesized vertically aligned MoS 2 nanofilm [20] ; moreover, the electronic structure of MoS 2 can be continuously tuned, and the corresponding HER catalytic activity is continuously improved upon electrochemical Li intercalation. [10a,b] Figure 1d illustrates the battery configuration for Li electrochemical intercalation into the edge-terminated MoS 2 nanofilms. The amount of intercalated Li can be precisely controlled by the battery testing system. Therefore, the chemical potential of MoS 2 is continuously tuned. The discharge curve in Figure 1e As a reverse process to electrochemical Li intercalation, electrochemical Li de-intercalation is a process where an external electrical power source is applied to force the lithium ions move out from the materials originally containing lithium. In this process, the chemical potential of the lithium-containing material is continuously tuned upward, which may be desirable for oxidative reactions, such as OER.
Indeed, it is found that unintentionally tuning of the catalyst surface would always happen to reach a more stable surface under the strong oxidative environment (i.e., during electrochemical OER). For example, the oxidation state of Ni or Co active centers in the catalysts (e.g., Ni(OH) 2 and Co 3 O 4 ) would be increased under OER condition. [21] In another case, it is reported that transition metal dichalcogenides can be in situ oxidized in strong alkaline media via an electrochemical oxidation process. [22] Therefore, we propose that through electrochemical Li deintercalation at an organic medium, the catalyst can be tuned to possess a more stable surface under oxidation condition, which cannot be reached by the un-intentionally tuning in aqueous solution.
Lithium cobalt oxide (LiCoO 2 , denoted as LCO) is a typical example for this concept because the lithium ions are readily to be extracted out by simply applying an external bias and this material contains active Co center for OER. [23] Our group demonstrates that continuous charging process to a critical potential (e.g., 4.3 V vs Li + /Li) can convert the pristine hexagonal LCO into monoclinic Li 0.5 CoO 2 (Figure 1h ) in organic electrolyte. For subsequent use as OER catalysts in aqueous electrolyte, the delithiated LiCoO 2 (De-LiCoO 2 , the LCO after electrochemical tuning process) shows a remarkable enhancement in terms of the onset overpotential (Figure 1i ), while negligible improvements are observed on other delithiated samples which do not achieve the critical potential (≈3.9 V), as shown in Figure 1j. [10c] Moreover, we also find that this enhancement is facet-dependent and can be attributed to the increase of the number of Co 4+ sites and its strong covalent coupling to oxygen 2p states. [10f ] Beyond LCO, the LiET process is also applicable for other layered lithium transition metal oxides lithium and transition metal phosphates for improving their catalytic activities over water oxidation.
[10d]
Lithium Induced Conversion Reaction
Since the publication of the pioneering work by Kanan's group [24] reporting that oxide-derived Cu shows an extraordinary activity for electrocatalytic CO reduction, this oxide-derived (OD) metal catalysts by electrochemical methods have attracted particular interest and the grain boundaries (GBs) existed in the OD-metals (Figure 2a,b) are identified that are active for electrocatalysis. [25] In addition, the high activity of GBs for electrocatalysis can also be observed in metal oxides. [26] Generally, the GBs are rich in lattice defects, dislocations, distortions, or local strains, thus offering unique electronic structures of metal centers. However, the different material properties of different metal oxides as well as the electrochemical reduction conditions trigger the different GB densities in OD metals. For example, ZnO and Bi 2 O 3 would be slowly reduced at negative potentials because of their relatively low electrical conductivities. The small oxide nanoparticles (NPs) could get merged together into bulk crystalline during the reduction process, thus decreasing the GB densities. [27] Therefore, developing a desirable process that can maintain or even increase the density of GBs is intriguing for boosting the electrocatalytic activities of metal/ metal oxide catalysts.
Inspired by previous works in transition metal oxide (TMO) lithium-ion batteries, we assume that dramatic structural change can be found in the TMO materials after several lithiation and Adv. Mater. 2018, 1800978 Scheme 1. Scheme of the tuning function for catalysts based on the different reaction mechanisms in LIBs.
www.advmat.de www.advancedsciencenews.com delithiation processes. Detailly, the Li conversion reaction (MO + 2Li + + 2e − ⇌ M + Li 2 O) takes place by breaking the MO bonds and forming MM and LiO bonds in the lithiation process. The size of the transition metal materials would be greatly shrinked because of the removal of oxygen and new M-M bond formation. Once lithium is induced to react with TMO and then took out (i.e., delithiation process) whether electrochemically or chemically, the initial TMO materials would be transformed into much smaller interconnected metal/metal oxide NPs with few nanometers in diameter, as schemed in Figure 2c . [10e] This structure change is confirmed by TEM characterizations where a single crystalline CoO NP can be successfully converted into ultra-small interconnected NPs after two cycles of Li charging and discharging process (Figure 2d,e) . Moreover, the morphological transformation gives rise to increased surface area as well as GB densities of TMOs tremendously, which presents an ideal structure for highly active and stable electrochemical water splitting over 200 hours (the catalyst is 2-cycle NiFeO x /CFP, as shown in Figure 2f) . In another case, we have demonstrated that ZnO derived Zn catalyst by the LiET method (LiET-Zn) possesses much more abundant GBs (Figure 2g-i) , resulting in improved CO 2 RR selectivity to CO compared with OD-Zn by traditional reduction method (Figure 2j ). [28] 
Lattice Strain Tuning via LiET of Battery Electrode Materials
Previous reports have revealed that the lattice strain tuning is a powerful strategy to control the electronic structures of catalysts and thus tune their performances. [29] Lattice strain, either compressive or tensile, can alter the surface electronic structure by modifying the distances between surface atoms and in turn catalytic activity. For platinum (Pt), previous studies have suggested that the 5d-band center of Pt can be shifted by ≈0.1 eV with only 1% lattice strain, which can appreciably strengthen or weaken bonding of ORR intermediates to the surface, as shown in Figure 3a ,b. [30] Due to the lattice-mismatch between Pt and other metals, the common strategy to achieve the lattice strain is to directly synthesize core-shell structures [31] or selectively remove atoms from an alloy, [32] as schemed in Figure 3c . However, because of the larger lattice of Pt as compared with that of most metal cores, this method is typically restricted to . h-j) Reproduced with permission.
[10c] Copyright 2014, Nature Publishing Group.
www.advmat.de www.advancedsciencenews.com compressive strain, [29a,33] except for metal cores with larger lattice such as Pb. [34] Additionally, both electronic charge transfer between the different metal atoms (ligand effects) and changes in the surface stability-and thus surface area-are present, making it difficult to identify and control the effects of strain alone. [29a] Another strategy is to deposit catalysts onto flat substrates that undergoes physical transformations with external forces or temperatures. [35] Although those flat and tunable substrates are of great importance for fundamental analysis, only a few of them have been demonstrated effective in electrocatalysis. [35a] The LIBs research have shown that the battery electrode materials usually undergo significant volume changes during charging or discharging processes. This is a major reason why battery finally fails after many cycles due to the electrode damage under repeated volume expansion and compression. However, this disadvantage in battery research becomes a great opportunity in catalysis to introduce lattice strain. When lithium ions are electrochemically intercalated into or extracted out of electrode materials such as graphite, transition-metal dichalcogenides, silicon, or Li metal oxides, the volume and lattice spacing change from several percent to several fold. [36] For example, the Si electrode can expand up to four times its original size when fully lithiated to Li 4.4 Si, [36a] and LCO undergoes ≈3% volume changes during charge and discharge. [36b] This smaller value is still sufficient to generate strain that can alter catalysis.
Our group first proved the idea by tuning the lattice strain on Pt catalysts with LCO as the tunable support. In LCO, lithium ions are sandwiched by Co-O octahedra slabs, and during charging, half of the Li + are extracted to form Li 0.5 CoO 2 (L 0.5 CO). The Co-O slabs with negative charge experience stronger electrostatic repulsions from each other, which increases the layer spacing. When Li + intercalates back during discharge, the lattice returns to its original spacing. [37] To introduce lattice strain on Pt catalysts, small Pt NPs (≈5 nm) were deposited onto the surface of LCO or L 0.5 CO particle supports (≈500 nm) using atomic layer deposition method. By controlling the charging or discharging states of the substrate (Figure 3d) [25c] Copyright 2015, The American Chemical Society. c) Transition metal oxide (TMO) particles gradually change from single crystalline to ultrasmall interconnected crystalline nanoparticles by battery cycling and the representative galvanostatic cycling profile of CoO/CNF composites. d,e) TEM images of a single crystalline CoO particle and ultrasmall interconnected CoO NPs after two cycles of Li charging and discharging process. f) Long-term overall water splitting stability of the 2-cycle NiFeO x /CFP bifunctional catalyst with different mass-loadings. c-f) Reproduced with permission.
[10e] Copyright 2015, Nature Publishing Group. g-i) TEM images of pristine ZnO NPs, OD-Zn by traditional in situ electrochemical reduction under CO 2 RR conditions, and LiET Zn with interconnected Zn NPs and enriched GBs by Li + charging/discharging cycles. j) Faradaic efficiency of LiET-Zn for CO 2 RR. g-j) Reproduced with permission. [28] Copyright 2017, The American Chemical Society.
www.advmat.de www.advancedsciencenews.com compressive and tensile strain on Pt (111) facets using transmission electron aberration-corrected microscopy (TEAM) in individual particles (Figure 3e,f) . [16] To have an intuitive understanding of how much the lattice strain is, we aligned the (111) atomic layers. After five layers of accumulation in spacing differences, the top layer of compressed Pt locates to a much lower position than that of the pristine Pt, and that of the expanded Pt locates to a much higher position, offering direct evidences of the lattice strain. Accordingly, the ORR catalytic activities of Pt NPs in alkaline solution can also be tuned over a wide range, achieving nearly 90% improvement or more than 40% decrease in activity under compressive and tensile strain, respectively.
Adv. Mater. 2018, 1800978 [16] Copyright 2016, AAAS. c) Scheme of compressive strain of Pt by synthesizing a core-shell structure. Reproduced with permission. [29] Copyright 2010, Nature Publishing Group. d) Schematic of the lattice constant change of LCO substrates and how the lattice strains are induced to Pt NPs. e,f) High-resolution TEAM images of pristine and strained Pt NPs with (111) lattice compression and tension. d-f) Reproduced with permission. [16] Copyright 2016, AAAS. 
Future Directions
The LIB technology has been maturely developed in the past few decades, and various materials whose electronic structures can be changed by reacting with lithium have been screened with their potentials for LIBs. In addition, the LIB technology offers a large thermodynamic potential range for continuous tuning the electronic structures. Therefore, the diversity and generality have made this LiET methodology as a powerful approach to explore advanced catalysts. Although several examples on this topic have been demonstrated by our group, many important works are still remaining unresolved and need to be further investigated in the future, as demonstrated in Figure 4 .
First, it is interesting and necessary to understand how the catalysts after LiET affect the catalysis. As this process is related to the oxidation state, crystal structure and electronic structure of the catalyst, the investigation may require detailed ex situ and in situ characterizations, such as synchrotron X-ray absorption spectroscopy, infrared surface absorption probe, high-resolution microscopy, and so on, as well as simulation supports.
Second, besides these several successful examples, many other materials can also be tuned by this LiET method. For example, the metals with the ability to alloy with Li can undergo an alloying-dealloying process to reach a nanoporous structure with higher edge/corner sites density. We can also apply the Li induced conversion reaction strategy to transition metal sulfide, selenide and telluride. [38] As the anion atoms (S, Se, and Te) are much bigger than oxygen, much more vacant space can be created during reduction and thus more GBs may be created when Li is extracted whether chemically or electrochemically. Another proposed direction is to adapt battery material that would undergo a much larger volume expansion to achieve a larger lattice strain of the catalyst.
Inspired by this LiET method, the recent development of other types of batteries (e.g., sodium [39] and magnesium ion batteries [40] ) allows the Na and Mg electrochemical tuning becoming accessible. As the cations are much bigger than Li, the tuning effects on the catalysts would be different. Thus, electrochemical tuning the catalysts by other cations is an interesting direction to pursue. Lastly, given the wide variety of tunable battery electrode materials in existence, this LiET methodology can be a highly general approach to design new catalytic materials not only for the aforementioned electrochemical reactions, but also for other electrocatalysis (e.g., CO 2 RR to more valuable products [41] and nitrogen reduction reaction [42] ) and thermal catalysis (e.g., Fischer-Tropsch reaction, [43] methane activation [44] and watergas shift reaction [45] ) in the future.
